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Th 0- LIML)SIONAL SATURATION GAIN AND OUTPUT POWER IN TRANSVERSE
FLO ELECTRICAL DISCHARGE CO2 LASERS

Chen L'yin, Chu Zexiang, Wu. Zhongxiang
SUMMARY -

This article presents the two-dimensional distribution of

saturation gain parameters in transverse flow discharge co,2 lasers

as well as the laws for their changes along with changes in radiation

fields. Use was made of microscopic physical mechanisms to make

notes and explanations. We used three types of stability oscillation

conditions to respectively calculate the light strength distributions

within cavities and output powers. Moreover, this provides a

comparison for discussion and offers a type of simple and convenient

method for selecting the device with the best design plan.. ' .

Tn laser inedia, the energies of the various types of vibration

modes, the vibration temperatures, gains and other similar physical

quantities as well as the laws governing changes in these quantities

along with changes in radiation fields have still, up to the present

tine, received very little study. The majority of the work has been

proxioate ;-nalyses expressed as formulas [1-3] under certain
siinplifi'e condi~ions. Reference [4] studied the rules governing the

'-DL of saturation E!ains and their distribution with changes in

radiation fields. However, there is no electrical excitation or

discharge factor. The work of reference L] on transverse flow

discharge lasers is also limited only to one-dimensional

dis ributions. Because of the importance of the mutual interactions

of the three factors of electrical fields, radiation fields, and flow

move'nents in high power lasers, this article, on the foundation of the

work with the small signal gain (Go) done in the past with transverse

flow killowatt electrical excitation or discharge 002 lasers [6J,

does a detal>1 study of the rules governing changes in tht three

factors discussed above under tie effects of strong radiation fields.

[7 .7 Th TJ' ek, MC ( T A AF r) 0 C7L A u-A J

A, . !- 3. "s electrode models are concerned, we still make use of
I -/

4cr',e i.. j 'r, I referen,, 6 '- s hown in Fig. 1). In the Fig.
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ABDO is the positive electrode. EFHG is the negative

electrode. PPO'O is a totally reflective lens. The reflection

rate is R : 1 qq's's is the output lens. The reflection

rate is R, L is the length of the cavity. We assume that the

gas flow temperature (T' flow speed , the pressure (p)

the electron density (no) , and other similar physical quantities

are uniform along the ; xLs but show differences along the im and z

axes If one takes the light cavity along the direction of the

electrical discharge z and divides it into quite small areas (In

Fig. 1, the small volumes created on the surface area KK'ff' along

the light axis). Within the corresponding electrical discharge areas,

the current flow density is a constant amount. Outside the

electical excitation area, 0 = . At this time,

-[b+(a-b)z/h]L" • " - e

in these equations, is the total electrical current. VD is the

electron . ration speed. e is the .tmount of electricity on an

r- ectroI.

I /

i i 1 A Oros:': Section of a Transverse Flow Self-Suatairea

T's<'h' rc- CO2 Las-er ) Oig 't Out ). Jas liow
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n the case where the relaxation model is chosen to be a three

vibration mode system as shown in reference [6], it is only because (136)

the radiation factor is not zero that, in the equations corresponding

to the upper and lower laser energy levels ' and ' , one

adds the quantity 'dN/dt) radiation = GI/chv • In this, I is

the field strength. oC is the speed of light. 'h is Planck's

constant. ,v is the frequency. G is the gain. *n4 is the particle

number for the i energy level. i-1,2, 8,.N respectively

represent 00,(100). O(010). 0(),(001) and N,(s-1) energy levels.

7he gas flow in each of the small areas is like that in reference

[6]. It acts as a one-dimensional, steady state, ideal fluid. It is

possible to mae use of a one-dimensional conservation equation set to

describe it. This is osly true because the radiation quantity (dq/ d).O,

In the energy equation, one added the quantity (dq/)-GI (G

is the gain).

As f-ar as tihe various sraall areas with a height of z are

concerned, given the initial conditions, the structure of the cavity,

the iischarge characteristics and the light strength, it is possible

to ta-e the relaxation equation, the state equation, and the

one-dimensional flow conservation equation and work them together to

s~t upo naericaL solItion, solving for the distributions of all the

*c>epond-.ng physickl quantitites rT".T, , U Moreover,

fro,n the upper and lower laser energy level particle numbers " ,- one

solves for the corresponding saturation gain value G-o(%a-0) (0- is

the cross section).

The small arev:s with different heights . corr-spona to

different , and have different G-z curves. As far as a±L two

dimensional distributions with z forming an -Z-2 plane are

concernedl, lby changing the physical parameters and the light strength,

it is possible to obtain two dimensional distributions accompanying

changes in the rules corresponding to changes in parameters.
Tn 7ig t cavities, the mutual dissipation and growth of gain and

decrease, ,c'tsiis, light radiation to reach a stable distribution.

7ro-l tn>- >re af stable light distribution, the output lens surface

.. .-- r cautin -r make it easy to solve for the output power.

A-
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If one assumes th'et he cavity body is composed of two parallel,

planar reflecticn lenses, their reflection rates are, respectively,R1

and P,, , ignoring diffraction losses, and avoiding dissipation

losses as well as absorption of the cavity gases. With consideration

given only to conditions in which the gain in the direction of the

light axis and its losses correspond and are in stable oscillation, it

is possible to have three types of procedural methods:

(i) L1 R(

In this. L is the length of the cavity. Equation '2) expresses a

con -
'  "< w., ec point in the interval between the two

dimensions z satisfies the 2ondition of stable oscillation

without any mutual effects between adjacent points.

In thi.5, w is7 the - lens width. Equation (3) expresses the total

oscilla'. ;r effect:- '-ilong th- direction of flow movement for the

various sr!all areas of the light cavity, choosing I aC a constant

nu'r*cd value ]. 7nis method is eluivalent to doing a slicing

r =nt. .... org the height of the cavity.

iii] G~dzdz- -~u lnR:,R). 4

In thi.s, id ._ the electrode spacing. Equation (4) shows the total

:-3, trf. -- ~t str~ngth to be a constant quantity, considering the

' '- o-erall os,.illation effects.

4
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The methods discussed above are all incapable of giving detailed

field strength distributions. However, they are still capable of

providing, in a simple and relatively tentative way, a two-dimensional I

distribution of saturation and gain on the cross section of a light

cavity as well as the light strength and the output power. M

II. AN ANTALYSiS OF TEE RESULTS OF CALCULATIONS

As far as the use of the methods discussed above is concerned,

for the struc-6ture of a given cavity body, it is possible 4 o make use

o: rixerical solutions to obtain the parameter I , s a G, TT, .p

to-dinensiona! distribution of such physical quantities

1. RULEF GOVER' ING CiANJES IN G(x, z, I) ALONG THE DIRECTION

Fig. 2 is the family of G-x curves defining the parameter I for a

given z As far as the the area MKin which the gas flow enters"

the el ectical discharge '(I = 0) is concerned, small signal gains Go

abruptly icret z along • Moreover, at the point K , it enters .

into the the light cavity overlap area KN In the interior of

this area, thle GX curves vary with differences in the i1it

stren.gths. As far as the sustained increase of the -G. for the curve l(I-0)

is concernel, it is level,slow and continuous. Moreover, it tends

toward saturt ion. When , the G-0 curves trend away

from the ,1* ).rve, and their forms, due to the fact the s-trength of 1

is weak, ;-r? different.

(i] When I relatively small (curve 2), G continuously

goes up and its form is similar to that of curve 1. However, it is

somewhat lower.

(ii) Wner I i3 increased (curve 3), G , along with z

to snow the occurrence of a low valley ana a hibn peak.

,
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ii) he n is relatively large (curve 4), O , in the z>K.

portion, rapidly drops down and tends toward a certain stable 137

value. On the curve, one sees the presentation of a flat platforL

shape and, after that, a drop off.

(iv) When I is extremely strong (curve 5), the G curve

form is similar to that of curve 4. G , at the place where . =

K, and, after a precipitate drop, shows a curve whicn turns into a

slow drop off without there being a flat portion of the curve.

LT-7 3

1-0 E/-2.2x10
- "

0.i 2 VC5

0.*4 1 I-1CI A

0.2

_ 2 4 6 8 1 X(CM)

(,1 (

1. Fig. 2 G-I-x Curves 2. Electrical Excitation Area 3. Light

Cavity

In the NK' area in the back portion of the light cavity, the gas

flovl '-I already gone through the electrical excitation area. Due to

the fact that the excited radiation and the colliinn r,-1q)-,inn -

both in operation, aill the curves present a aownwara treno. At x>K'

t the gas flow has already gone through the light cavity area. At

this time, 1=0 All thi Go ,rve show a certain type of upward

returning phenoienon. Finally, they go over the peak value and

continue -o descend.

Fig. 2 gives the rules governing changes in the -urves,

anid, w-th these, it is possible, in a relatively un~versal fashion, to

nu::oer of the transverse flow discharge CO-N 2 -. ,O

-laser's bai phyical mechanisms. After the gs flo& goei out of the

electr. excitation ar-i, > A" th- rules goverli:ig the

i * -, tc~? < the ci'.
• 6:



changes in G(z are similar to GDL It is possible to do

the same sort of description as is found in reference [4J. That is,

from the energy transmitted by vibration, the energy transmitted by

radiation, and their speeds, under the conditions of non-radiation
fields, and fields with different radiation strengths and weaknesses,

the low laser energy level supplying slow, abrupt, full and sparce

magnitudes of particle number turnbacks provide the explanation .14].

The peculiar characteristic of this article lies in the

electrical excitation area. In Fig. 2, in the ME area, electrons

take large amounts of CO s N molecules and pump them into the

laser upper energy levels CO(001) and N2 (v-1) , causing

the pcrt'_cle nullpr to turn around and there to be .n abrupt increase.

This causes Go to rapidly go up. However, along with increases in ,

the collision relaxation unce-,singly dissipates the upper energy

level energy, restoring the laser lower entrgy level ana level motion.

This causes Go uo go up more slowly. These two types of effects

h-ive a futua'lly restrpining influence on each other. Go can tend

toward th saturation value -for a given electric field. in the

electrical ex-it-.tion and light cavity overlap areas (Fig. 2 :KN

sectior), the -ituation is relatively complicated. The electron

pupi n- irni, t'ie liglt absorption and excitation radiation (V-V),

and the (V-T) relaxation are three types factors which mutually

contend with each other. Under conditions of different I , one sees

produced the several different types of forms of G- - curves shown

in Fig. 2. Tie curv- 21 is relatively small. The elictron pumping

inpuit, in th- KN -rea is in the ascendency, maintaining the

sustained ri e of G When I increases (curve 3), te receivea and

stinulqtd radiation of light and the vibrational relaxation effects,

at th retv, to the light cavity, has already surpassed the effects of

the electron pumping, and the curve shows a dropping trend. However,

due to th -F'ct that the electron pumping is still maintained and

arccumulates, the results can still, in the area behind the electron

mulqtioc area-, retake the ascendancy. Therefore, after the

4 r-'rnce ' the valley values, one sees a rising section. Curves 4

and 77 t-!t, under the effects of strong radiation, the light

nilrirnp .- h dezisive effect. Therefore, at the entry of the light

eev;>y, G p-eclpi-,ously goes down. In curve 4, the level portion

de~oa str-ts that el-ctron purriping, radiation trasfer energy and the

4. ~~ ~ ~ ~ ~ ~ ~ 6 z tz* Z M.. 9 ' V' ~ ~ *.



relax--ic-on transfer energy speed are in very good equilibriums, which

causes the particle numbers for the upper and loder las.tr energy

levels to differ by a certain value. Under the effects of an

extremely strong radiation field (curve 5) one does not see the

occurrence of this type of stable phase. When I is very large, the

exit G is very low (Fig. 2 curve 5). This is explained by the fact

that the media energy inside the caiity has already achieved adequate

utilization.

r s,
1200

1000UfO

700~

"(2I- ) St

, ,st rlotlon ,art for 2',T,,u in Terms of _

As far e s Fig. 3 is concerned, the rules for the changes in z

as ±t varies with al- the quantities T.T,.u comparf-e phz-

no:enolfcally in a -.nner adeqaite to explain tne tren in the

changes of the curves in Rig. 2. in Fig. 4, the shape of the dT,-x

carve is very different from that in Fig. 4 of reference 4].( 7TN-T)203, is

4-5 tines reference L4]. (T,,-T) -50K, is also high as

comp-rel ,it reference r41. What is important here is that the light

cavity section which this article studied has an electrical excitation

zone (KN) In this area, the fast electron pumnping effect

cont.nuously ncreases the concentration or accumulation number. When 1 "'

-3 v e'" -arj, tie radiation transfer energy speed exceeds te
, Oej r' -rva:L (V-V) as well as th, (V-T) energy tr,,nsfer

eed. :Ue N nc-rg storage ca_ nnot be replenish.a n,' is already,
c 0,,; o ,3 ". rgy of the vibrational forn or nfode of o00( 8 ) 1$.

ci )>i .fti nr-and the energy of the laser lower energy level bO( V)

3



vibrational mod-, also unable to evacuate, creating a dro -in Ts

arnd a rise in TI or- over, within the range of (RIN)

whichi was researched in this article ( -E--- field strength , N------

total- particle nunber for gases) , the pumping speed of electrons intoINs(v-1)

exceeded the 002 (Vl' pumring speed. Therefore, one

sees the appearance of a relatively large (T,- T,) and (T1,-T).

After having gone out of the KN %rea, there is already an

absence of any electron pumping effect. At this time, in the light

cavity, the mechanisms for the laser dynamics and the dissipation and

intensification of energies between the various en~zrgy levels are

precisely thei samet as thtose in refsrence L4J

JT(XIC)

160

120

TX-T;I1-0)

40 T12 T-T
- ~ T~-T~z.. 0 )

1 2 _3 4 _5 9 10 x"C.)

1. Fig.4 Graoh-- of t-he 'Change ir.I (TO anrid (TT in Te r ms o fz

2. lect,,or,-' E-Kcttatlon Area! 3. LighIt Cavity Area

E. FiJU H~ A'Ei 14 H, C PiiY;3iCAL LIAIT-,TES AS G (x, z, I)

A;-JOK T4 z

F i e t 'I, tne r ul es for ti,- changes in G-z under

differing z,1 conditions. All the variou6 curves- show an absence

of comi">; n Curves for difFererit z o--it ions are

b as ic all1y pa- -~ I M-I I is only when G follows ani ir~ease in %
* ht t'-re r-dliced correspondla-nce. Pig. 6 shows the rules for

* h h ni 7%, T, P, u along wi-th z This tyj>- of change

cor.> ~ O Iron nhne n.~ along with z pilonth

n . 11L d es nT o hange Thierefo-, I w t- x
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and lon'1: -' it as becoi-,ing a constant, then this is a reasonable

appoinat ion. T' orn -Fig. 3, it is possible to see that u , i n t'- e

lo,,er r>a-hes, re--ives an accelIeration. However, th,- change alonig

-- -5.05cmi

1.-303
W/cmv

2 1. 3 0

1 i.f -- arige in G Along Witr '~riv:;n~

-a3! P,' C~Ieec ts, t, e for T o~ t'-e distribution shows very

- ~ th r~ern2~ 6]. Therefore, it is not

nor's p- lo 1. o f no radiation field toanlz

:Lvz IIa: i T per iod o f zrg r ad-I t ion f ie Id .

j ~Zc n)
.2 3. \

IV' I 10 3 3 -or

(a) (b)

1 ~ ~ ~ ~ ~ ~ . T, uu~-~%oenn hagsi Along7 oith zfoDr
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3. Stability Distributions of Light Strengths in Cavities

We have the Fig.2 curves for G(z, z, 1) If we select a

certain stable oscillation condition and a given degree of lens

surface output coupling and reflection rate, it is possible to

specifically determine the light strength stability distribution in

cavities. Therefore, it is possible to calculate the output power

for the apparatus.

On the basis of equation (2), in order to maintain stable

oscillation, different degrees of coupling have different light

strength distributions (see Fig.8(a)'s 01.,."0 curves). As far

as the curves for 02 and Caat the entrance to the light cavity (x-K)

c)ncer-nrd, ,G an Go snov - cle'r interruption. This reflects 159

in Tig. 8'b), that tlie I distribution in the corresponding locations

so,-s sud d- hih peaks which do not square with the experi:aental

re~srlt.'. __erefore, generally, it is not advantageous to select this

nethod. Only when the degree of couplin g is O, , and in the special G

con -i , io n Go is precisely e iuil to the z-K location from

eau2tior1 2'P'_ an _ o-Y thnen, is it possible for the sudden high peak

change in I t; dsap~e-r (see Fig.S3a) O curve). Moveover. it is

possb]-e to arnie at results approximating the tests. The G-.

dist u-c, ion n reference L5] and the Fig.8(a) Ci curve correspond

qif7 well. iowever, the former, in order to make th- 1, G

,iiet.<hut:on able to approximately correspond to the actual situation,

fl,'~s con ioos selection of results for electrical current density

d"-et .b,<i:o~nq ,hich us2late sine form.

2

g o '-
'V 0 /-.- O.t 0.05 . 00

i i -~. eI is G}iven, the Distribution of G on the z-z Plane

r, .

* V.*.l~~ ~ %', ~v ~ *
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,r+ the lower reaches of the light cavity (z>K' area), 1

gradually falls to zero. G - curves should have a small peak, as

ha-s already been explained, however, reference [5] is certainly not

able to reasonablly describe the rules for this change.

According to equation (3), as far as a certain given small area

of r is concerned, G(x) in equation (3) is nothing other than a

root curve for a given I ;-I rig. 2. As concerns a series of I , it

is possible to show a graph for the corresponding GG2-I

relationships (see equation '3) and Fig.9). Therefore, I is a
.5

constant unrelated to x - an average value representing the optical

strength for the small area of the lens surface concerned. The method

is not capahl- )f gSving thie status of the radiation field along -x

However, it still avoids, when doing treatments on the basis of

equation (2), the possibility of the occurrence, on curves, of 140

uare.ioiablly abrupt pek . for:as. As far as the treatment of g as

described above is concerned, it is also possible to give a general
P

1 (10' W/cM')

6 '0C- 5.0 c

c-' -- )

S, -2 -71

3 3 5 (b) 7 a

1. Fiz.9 A G-I- P Relationship Graph Under Condition (1)1. 2.

Deg -e of Coupling 3. Electrical of Electronic Excitation Area 4. %

Li--t Cavity Area 5 Degree of Coupling

12.. 5 . VvWv~W- ~~~v~
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1-23 3 4 .6

1 . Fig.9 GG2-I i ationship Graph 2. Fig.10 z-' Relationship

Graph

distribution for the light strengths in terns of the heights inside

the cavity (such as is shown in Fig. 10). The height d of the lens

surface and thesr'ace area surrounded by the Il curve, when

multioled with the correspond 'ng degre- o ,  coupl ig, then, equals the

tot .-al- output po.er of the insturnent.

On the basis of the light strength 12, calculated from equation

(4) (as shown in Fig.10), it is selected as one constant number for

the whole lens surface, reflecting the average value for the three

dimensionrs of the light cavity with the whole light cavity body in

stable oscill-tion. Moreover, Im is, then, on the basis of the

ligh't s'-7e inth calculated from equation (3), a reflection of the

average v-zlue for the two dimensional light cavity.

Tabl i sets out the results of calculations done for a killowatt

transverse laser instrument using the three methods discussed above.

Its test cond-*ions were, respectively, To- 273K, po-20Torr, uo-70m/sec, J-1OA,

E,!N-2.2xI0-'V.cm,[CO,]:[N]:[]He] -5:27:68. Table i shows that the results of

calculaitLo ,6 using equation (2) when comp ared to t',e results of

c!lculations using equation (3) are higher by 10-20%, despite the fact

thvi te G . 1,. curves calculated using the three types of

Iheh- sh-o,. very large differences (see Fig.2 and Fig.3). The

13
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1. Table I A Comparison of -the Results for Several-,ypesm of

Theoretical a-.nd Exeiet!C'!_culations 2 . Method 3. Experiment ,

4. Equation - '2),- 5. Equation 03) 6. Equaiion (4) 7.. Power

distribution of G, T, in terius of z , as calculated in this

art~icle, ar- not jnifori., eithier (see Fig. 5,6, and 7). However, the .
powers c-LIculatei by( the use of equation (3) and equation (4) are very

cloe Tb-o eacopri t is possible to see that the total power of an

hinetruent is eriynot sensitive to the distributions of these

4. u-io )i 5in light cavities. Therefore, the total power

cIi-uoei for : instrument usin any one of the methods discussed

iboe W41, ar noys be close to the experimental values. Moreover, they

are all sit'.iently similar to be workable, and it is possible to do

mutual t.eit validations between then. However, the methods in this

artiole ,-tpole of reflecting the overall distribution of I in

termas of z , and, this type of distribution is closely related to

th 'n n.'~itus and distributions of the forms and electron aensities

for electro --. d

i71. CONCLUSIOi

4s concerns the simple theoretical model which this article uses,

it relet s th- electronic and optical parameters of electonic

exci ta~tl~i tran-verse flow CO2 laser devices and produces, for these

levi ces, t;o-d i'nens onal distribut'ions for such ph-al q,- it' ties as

gCzn cuerficects, vibr-ation temperat'2res, and so on, as well as rules

fr th- cheng s in liih, intensities as they vary inside light

,,q 14 -. .S .S d -
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cavities. All the results obtained are explained through the use of
microscopic physical mech enisms.

Use was made of three types of stable oscillation conditions and

we solved for the stable oscillation light strengths inside cavities.

Moreover, we made comparisons of the three types of results, analyzed

them and commented on their individual reasonableness, reliability and

range of applicability. This type of method was relatively simple and

convenient. It saves on computational time, and it is possible to

study the effects of the various design parameters and determine the

optimum design plan.

This article is the result of concrete study of transverse flow

electrical discharg CO2 laser devices. However, its basic rules and

methods have a cert 11i universality and can also be fitted to concrete

conditions to Va applicable to other instruments possessing mutual

interactions of the three types of factors - electrical discharge,

flow movemlents and radiation fields.

As concerts the car rying out of calculations under conditions of

kilowatt level device operation of a basic unit machine, the results

were in ceneral !&reement with experimentation, demonstrating the

usefulness of the methods in this article.
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DI~l~lY'I14LIST

DISnTmIBrICK DIRELCr TO REX1P]ENT

ORGANIZATION MICROFICHE

A205 Etg*UCl 1
A210 I2AAAC 1
C509 BALLISTIC R~ES LAB 1
C510 R&T IABS/AVEADCX(4 1
C513 ARRAD)COM 1
C535 AVRAZ]XVT4SARCM I
C539 TRASANA 1 4

C591 FSTC 4
C619 MIA REDSTONE 1
D0OB MISC 1
E053 HQ USAF/IT1
E404 AEDC/DOF1
E408 AEWL1
E410 AD/INM
E429 SD/IND1
P005 DE/ISA/DDI 1
P050 CIA/OCP/ADD/SD 2
AFIT/IDE 1
FMD
ccv 1
NWW/ps 1
LLYI+/MDE Lr-389 1
NASA/NST-44 I
NSA/T513/TDL 2
ASD/FTD/TQLA 1
FSIy'NI-3 1
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